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Abstract 

We consider parity- violating observables from the processes ftp — * drf and np — > dhj. We perform 
calculations using pionless effective field theory both with and without explicit dibaryon fields. 
After combining these results with ones we have already obtained on parity-violating asymmetries 
in NN scattering, experimental input would in principle allow the extraction of all five parameters 
occurring at leading order in the parity-violating Lagrangian. 
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I. INTRODUCTION 



Low energy hadronic parity violation is of current interest both because of recent theoret- 
ical developments and because of the many and varied experiments underway or proposed 
to study the problem [l|, 0, H, 0, 0, @]. In particular, parity violation in the two nucleon 
sector remains an open problem. In a previous paper [7| we addressed the parity violating 
asymmetries in NN scattering. Here we consider processes involving photons, in particular 
polarized and unpolarized radiative neutron capture on protons. Experiments to measure 
asymmetries in np — > d'-f are difficult, but are important enough that the experimental com- 
munity continues to push for better limits. With new results expected in the next several 
years, it is timely to revisit the theoretical problem. 

The parity-violating (PV) component of hadronic interactions is caused by weak interac- 
tions of quarks contained in the hadrons. Because of the relative strength of the weak inter- 
action, its manifestation is highly suppressed compared to the strong interaction. Therefore, 
we consider observables that would be zero without the presence of parity-violating effects. 
The reaction np — > d'-f, with suitable polarizations of the neutron or photon, allows ac- 
cess to two different asymmetries: the photon asymmetry in polarized neutron capture, 

^ (3 
np — > d*y, and the circular photon polarization P 1 in unpolarized capture, np — > cry. In 

fact, due to the difficulty of measuring final state photon circular polarization, the inverse 

o 

reaction of deuteron photo-disintegration "fd — > np may be more experimentally feasible. 
The asymmetry from this inverse reaction is equal to P 7 for exactly reversed kinematics. 

Weak interactions are well understood in the context of the standard model, but we are 
interested here in weak manifestations in hadrons at energies where QCD is not perturbative. 
Therefore, we turn to effective field theories (EFTs) that allow for a perturbative treatment 
in quantities other than the strong coupling constant. While it is true that investigating 
hadronic parity violation necessarily involves complications from nonperturbative QCD, this 
fact can be used as an opportunity for probing nonperturbative QCD phenomena in hadrons. 
With nucleons, photons, and the deuteron as physical degrees of freedom we form the set 
of leading-order operators that obey the symmetries of QCD, but allow for parity violation. 
Because the processes we are interested in occur at energies well below where the pion is 
dynamical, we use an EFT in which the pion is integrated out, EFT(/), and its physics is 
encoded in low energy constants (LECs). 

Traditionally, hadronic parity violation has been studied using either the so-called Danilov 
amplitudes [s| or one-boson-exchan ge m odels 0, [l(J 11 1. While the one-boson-exchange 



models, in particular the one of Ref . , have been the standard for analyzing experiments, 
some possible inconsistencies have emerged (see e.g. Fig. 5 in Ref. |l2j). The effective 
field theory treatment of parity-violating hadronic interactions as performed in this paper 
allows for a systematic and model-independent study of few-body low-energy phenomena. 
As can be seen from the Lagrangian in the following section, the EFT(^) approach is more 
closely related to the Danilov amplitudes than the boson-exchange models. The use of 



EFTs to study parity violation goes back more than a decade (see e.g. [13|, [14|, |15|0. with 
a comprehensive formulation of both pionless and pionful theories given in Ref. 16|]. The 
asymmetry from np — > cry has been calculated previously in an EFT that included pions 
1141 and using the dibaryon formalism [17] . 

In the next section we reiterate the five independent PV operators that occur at leading 

o 

order in EFT(/). One contributes to the np — > cry process and three to np — > cry . Other 
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linear combinations are accessible through asymmetries in NN scattering. However, the 
power counting in the iViV system is still an open question for some observables. It is clear 
that the NN scattering lengths a are anomalously large, and that it is necessary to resum 
a polynomial series in a. It is less clear how to treat the NN effective range r. For some 
processes, particularly those involving the deuteron, a much improved description of data is 
found by by treating r as large, or resumming the series in r (see Ref. [l8j], motivated in part 
by results in Ref. [19|). But that may not be true for all processes. Therefore, in Sec. IIII[ we 
present calculations of v4 7 and P 7 both in the non-dibaryon formalism, where r is considered 
to be of "natural" size and terms involving r are treated as higher order, as well as in 
the dibaryon formalism, where r is treated as anomalously large and the resummed nucleon 
bubbles are encoded into a dynamical "dibaryon" field. Stating our results in both languages 
will provide the flexibility of developing a common language with other calculations done 
with more nucleons and/or using the non-dibaryon formalism. 1 

Due to the difficulties inherent in measuring parity violation in the NN system, infor- 
mation on Ay and P 7 is sparse. Currently the asymmetry A 7 from np — *> is consistent 
with zero 0, but an ongoing experimental effort is expected to improve the current 



value [1, [23| . Results for the photon polarization P 7 from np — > dry are also consistent with 
zero [24j. As discussed above, the asymmetry from the inverse reaction is equal to P 7 (for 



suitable kinematics) and, while current results are again consistent with zero [221 . l2q ] , there 
has been recent interest in performing this measurement [j], Q] ■ 



II. LAGRANGIANS 

In EFT(/) nucleons interact through contact interactions. The leading order opera- 
tors contain the minimum number of necessary derivatives. The parity-conserving (PC) 
Lagrangian is given by 

C PC = N\iD Q + ^)N + ^N\k + r 3 «i) <t ■ BN 

- C^ So) (N T P^Ny(N T P^N) - Cf l) (iV T P i (35l) iV)t(iV T P i (35l) iV) + . . . , (1) 
with the normalized projection operators [26] 

P^ = ^r 2 r a a 2 , = ^=r 2 a 2 a t . (2) 



The <7i and r a are SU(2) Pauli matrices in spin and isospin space, respectively, D^N is the 
nucleon covariant derivative, 

D^N = d^N + te^^A^N, (3) 

and k,q and K\ are the isoscalar and isovector nucleon magnetic moments. Eq. ([TJ shows 
only the leading-order interaction terms. In the power counting for EFT(/) contributions 



1 While writing up this work we became aware of contemporary results on P 7 in the dibaryon formalism 



from Shin, Ando, and Hyun 2C | 
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from other terms are suppressed by powers of Q/m n , where Q ~ p ~ 1/a; p is the relative 
A^A" momentum 27, 28, 2t| and a is the scattering length in either the 1 Sq or 3 Si channel. 
Using the power- divergence subtraction (PDS) scheme 28, 3(| to renormalize loop diagrams 
the low-energy constants (LECs) are given by 



An 



( 3 5i) 



An 1 



(4) 
(5) 



Here, a^ s °^ / a^ Sl ^ are the scattering lengths in the l So and 3 Si channel, respectively, and \i 
is the subtraction point. 

Since the following calculations contain a deuteron in the final state one has to choose 
an interpolating field for the deuteron. We follow Ref. [26[ and use 

For the leading-order P V Lagrangian we use the partial wave notation of Ref. 0] : 



C 



PV 



- C<t^:^ o) {N T a 2 r 2 fN) ] (N T a 2 a ■ t 2 ti D N 



+ C(Ai:l) 0) £ 3ab {N T a 2 T 2 r a N) ] (N T a 2 3 ■ r 2 r b D N 
+ C ( ( 5: 2 T 0) ? ab {N T a 2 r 2 r a N) ] (n t v 2 a ■ r 2 r b i D N 



+ C ( 3 ft- 3 Pi) e ijk (jv T o- 2 <7V 2 JV) t (N T a 2 a k r 2 r 3 D j N 



+ /i.e., 



(6) 




where aO D b = aODb — (Da)Ob with O some spin-isospin-operator, and 



1 



As shown in Ref. [t| , this form of the Lagrangian is equivalent to the one given in Ref. 31 
(Note, however, the different placement of the gauged derivative from the ungauged deriva- 
tives in the operators given in Ref. [7j. While the ungauged derivative is unaffected by isospin 
Pauli matrices, it is important to maintain consistent placement for the gauged derivative.) 

The terms in Eqs. (CQ) and ([6]) are considered to be of leading order if we assume that the 
effective ranges r in the 1 Sq and 3 Si channel are "natural", i.e. terms like r/a and rp are 
numerically suppressed. In an alternative power counting the effective ranges are considered 
large and have to be resummed to all orders. This is most conveniently achieve d by use of 
dynamical dibaryon fields 18, [H, 33]. The PC dibaryon Lagrangian is given by [l8j 



C% c =rt(W + £)N - t\ lido + %-- A<^> ) U - \t\N T P^N + h.c. 



D 



- st id + 



2M 
D 2 



AM 



AM 



s a -g 



('So) 



slN T p( 1So) N + h.c. 



(7) 
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where U and s a are the dibaryon fields in the 3 Si and 1 S'o channel, respectively. The cou- 
plings can be determined either by integrating out the dibaryon fields or by reproducing 
the effective range expansion of the NN scattering amplitude. This leads to (suppressing 
channel subscripts) 

A = -i-fi-^. (8) 



9 



8tt 

MV 



Mr \a 



Note that these procedures only fix the magnitude of g and not its sign. Since the dibaryon- 
NN couplings are of leading order, insertions of nucleon loops in the dibaryon propagator 
are not suppressed. This means that the leading-order dibaryon propagator gets dressed by 
an infinite series of nucleon loop insertions (e.g., 18]). The dressed propagator is given by 



S d (E) 



An 



M 9 2 U + it^A - S^E + iVME 



(9) 



Mg 



Mg 2 



where we have again dropped the partial wave superscripts. For the dibaryon calculations 
the choice of the deuteron interpolating field is simply the dibaryon field U [18] • 

Parts of the PV dibaryon Lagrangian were given in Refs. [13, |34J. The complete La- 
grangian is given by 



*-pv 



(^-ipo-t 



t] N 1 g 2 t 2 i D l N 



<?( ( 2: I 0) 4 (N T a 2 a ■ r 2 r a i D N 



N T a 2 a ■ T 2 r b D N 



+ l ab (s a Y (N T a 2 a ■ r 2 T b i D N 



h.c. 



(10) 



By performing the path integral over the dibaryon fields in the action we can relate the 
couplings in the two formalisms: 



1 V8 „w L 



7T 



8 C( x - y ) 



r W M 



(11) 



For example, 



9(AI=0) - V8 ^(i5 ) U (A/=0) • 



(12) 



III. RESULTS 



The invariant amplitude for np — > d'y can be parameterized as [14 



M =eXN T r 2 a 2 [a ■ q e* ■ e* - a • e ; q ■ e*] N + ieY^ k efq'e* k (N t t 2 t 3 ct 2 N) 

+ ieWe ijk efe* 7 k (N T T 2 a 2 a^N) + eVe* d ■ e* 7 (N T r 2 r 3 a 2 N) +... (13) 
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(a) (b) 

FIG. 1: Leading-order diagrams contributing to the parity-conserving amplitude Y. Solid lines 
denote nucleons, wavy lines denote photons. The large solid circle stands for the resummed NN 
scattering, the gray oval for the deuteron interpolating field, and the small open circle for a coupling 
to the nucleon magnetic moment. 



where the ellipsis stands for terms that are not needed in our calculation, and e 7 are 
the polarization vectors of the deuteron and photon, respectively, q is the outgoing photon 
momentum and e > 0. The amplitudes X and Y are parity-conserving, while V and W are 
parity- violating. For Y and V the initial NN state is in a relative 1 5'o wave, while for X 

and W it is in a 3 Si wave. At leading order Y and W contribute to the photon asymmetry 

— o 
in np — ► g?7, while the circular polarization in np — > d'y stems from interference between Y 

and V. Below we discuss the two processes. 2 



A. Photon asymmetry in np — > dj 

The photon asymmetry A 7 for np —>■ d'y at threshold is defined by 



l + AyCosfl, (14) 



T dcosO 



with T the np — > d'y width and 9 the angle between the neutron polarization and the 
outgoing photon momentum. The polarization of the neutron leads to interference between 
the PC amplitudes X and Y and the PV amplitude W. At leading order X = [14| and 
the asymmetry is given in terms of the amplitudes by [3] 



where 7 = V MB is the deuteron momentum with B the deuteron binding energy. 

The leading-order diagrams contributing to the PC amplitude Y are shown in Fig. [T], 



yielding [U 



^=-4/Wi-7^y (i6) 



MV 7 3 



Some of these results have been previously presented by the authors [35| . However, while writing up this 
work we became aware of a recent result from Shin, Ando, and Hyun [20( on np — > d-y. 
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(a) 



(b) 





(d) 




(e) 

FIG. 2: Leading-order diagrams contributing to the parity-violating amplitudes W and V. Solid 
lines denote nucleons, wavy lines denote photons. The large solid circle stands for the resummed 
NN scattering, the gray oval for the deuteron interpolating field. The solid black square is the PV 
operator. Photons are minimally coupled . 



The diagrams shown in Fig. [2] contribute to the PV amplitude W for the initial np state 
in a 3 Si partial wave. Using l/a^ Sl ^ = 7 (valid at this order), the result for W is 



(17) 



which, using Eq. (j5J) and again l/a^ Sl ^ = 7, can be written as 

32tt f^C^- 3p ^ 



W 



3M V vr c (35l) 
v u 



(18) 



This gives the asymmetry 



M 



£( 3 Sl- 3 Pl) 



A =H_ 

7 3 Ki (1 - 7 a( l5 »)) C (3Sl) 



(19) 



Note the appearance of the ratio - — (3s } 1 . A 1 is a physical quantity and must be independent 

3 C ° 

of the subtraction point /i. Cq has the /1 dependence shown in Eq. (j5J), so the /i dependence 
Q f (j( 5i- Pi) mus t have the same form 



£( 3 Sl- 3 Pl) 



(20) 
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(a) (b) 

FIG. 3: Leading-order diagrams contributing to the parity-conserving amplitude Y in the dibaryon 
formalism. Solid lines denote nucleons, thick solid lines denote dressed dibaryons and wavy lines 
denote photons. The gray oval stands for the deuteron interpolating field, and the small open circle 
for a coupling to the nucleon magnetic moment. 



This echos the results discussed in Ref. jzj. 

The diagrams that need to be considered when using the dibaryon Lagrangians of Eqs. (J7j) 
and (imp are shown in Figs. [3] and HI In this approach the result for the PC amplitude Y is 
given by 

Y d = , 1 =«i(l-7a (lg0)> ) , (21) 

which, when expanded in r^ Sl \ reproduces the result of Eq. (|T6|) up to a factor of —1. Since 
the amplitude itself is not an observable this sign difference is of no significance and could 
be absorbed by a field redefinition ti — > —U. 
For the PV amplitude W we obtain 



^--^r^HvM (22) 



Expanding in r^ 1 ^ and using Eq. (fTTj) . as well as 7 = l/a^ 1 ^ at leading order, we reproduce 
the result of Eqs. (TTT1) and (IT51) up to a factor of —1 as discussed above. 3 
The asymmetry is given by 



A -2M 2 a/ - 3 J :i Si- 3 Pi) (21) 



which exactly reproduces Eq. ( |T9|) at leading order in r^ Sl \ 



o 

B. Circular polarization in np — > ^7 

The photon circular polarization in np — > c/7 is defined by 



3 We note that our values for W d and F d disagree with those in Ref. [17| (with L\ = since it is higher 
order) by a factor of —2 and 2, respectively. 



s 






(b) 



(<■) 




(d) 



(e) 



FIG. 4: Leading-order diagrams contributing to the parity- violating amplitudes W and V in the 
dibaryon formalism. Solid lines denote nucleons, thick solid lines denote dressed dibaryons and 
wavy lines denote photons. The gray oval stands for the deuteron interpolating field. The solid 
black box is the PV operator. The photons are minimally coupled. 

where &+/- is the total cross section for photons with positive/negative helicity. The polar- 
ization again stems from interference between PC and PV amplitudes and, up to the order 
to which we are working, is given by 



P. 



MRe[Y*V] 



7 2 \Y\ 2 



(25) 



where we have again used X = to this order. The expression for Y is already given in 
Eq. ( jl"6i) . The amplitude V is calculated from the diagrams in Fig. [2] with the np initial 
state in a 1 So partial wave. We find 



or, using Eqs. (BJ and (E 
167T py 



V 



M 



?So- 3 P6) _ 9 -( 1 5 - 3 Po) 
(AJ=0) ZU (A/=2) 

(26) 



1 - Iva&A C L ; + C ^ 



G 



(Wo) 
o 



(27) 
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The photon polarization P 1 is given by 



M 

7 ~ ~ 16 Kl (l- 7 a( ls °)) 



1 7a 



7a ( Aoj c (A/=0) -^C rAr=!rt 



( 3 5i) 



+ 



(AJ=2) 



(^0) 



(28) 



V 



In the dibaryon formalism we obtain 

3 1 J 9 3 V r( 35 i) V^( A/ =°) z ^(A/=2) ; 

(29) 



( 3 5i) 



1 _ 7r ( 3 5i) 

which leads to the polarization 



P 7 = -2 



M 2 



7r «j (1 - 7a( 15 °)) 



1 _ 2 7a (ift) ] ^-ift) 



yapk) CTbT/ (l So -3p ) Jl5o- 3 Po) 



(3 5l ) \9(AI=0) 



-2g 



(A/=2) 



(30) 



Using the relations for the PV dibaryon couplings in Eq. ffTTl) we see that this reproduces 
the result of Eq. ([28]). 



IV. CONCLUSION 



We obtained results for the photon asymmetry A 1 in polarized neutron capture and for 
the photon polarization P 7 in unpolarized capture. We provide results expressed in both 
the dibaryon and the non-dibaryon coefficient language so that our results can be used in 
conjunction with additional calculations performed in either operator set. In Eq. ( fTUI) we 
present the complete leading-order, parity-violating dibaryon Lagrangian required for these 
calculations. Our results will allow the extraction of two of the PV parameters once the 
experiments on np — > d*y become available. 

Measurements are available on parity violation in more complicated nuclear (and atomic) 
systems, but of course these are more difficult for theorists to treat systematically, and to date 
it is not clear if the experimental results have a consistent theoretical interpretation. A solid 
understanding of the two-nucleon sector is likely a necessary prerequisite to understanding 
the many-nucleon parity violating observables. Fortunately, EFTs allow the extraction of 
parameters from two nucleon observables that can then be consistently used in calculations 
on more complicated systems. 

To obtain an experimental determination of the five parity violating parameters appear- 
ing at leading order, at least five experiments will be required. The two asymmetries from 
np — > g?7 provide two of them, np — > provides C^ Sl ~ 3pi ^ (or in the dibaryon language, 

'(AJ=2) 

and pp scattering 



g( 3 S! 3 Pi)-j w \yi[ e n p _> yields a linear combination of C^ 1 1Pl \ C^ =0 ^°\ 



(or the corresponding dibaryon coefficients). Asymmetries from nn, np, 
would yield three more linear combinations, including a dependence on C^j =1 ^°\ but exper- 
imental results on np and nn scattering are unlikely in the near future. To obtain further 
constraints on the parameters would require extending the treatment to few-body systems. 
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From a theoretical perspective a three-body calculation is the natural extension of the cur- 
rent program, in particular considering recent experimental interest in the reaction nd — > £7 
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